The relationship between cardiovascular activity and the brain was explored by recording visual evoked potentials from the occipital regions of the scalp during systolic and diastolic pressure (Experiment I) and during fast and slow heartbeats at systolic and diastolic pressure (Experiment II). Visual evoked potentials changed significantly as heart rate and carotid pressure fluctuated normally, and these changes were markedly different in the right and left cerebral hemispheres. Evoked potentials recorded from the right hemisphere during various cardiac events differed significantly, whereas those recorded from the left did not. In both experiments, differences in the right hemisphere were due primarily to the PI component, which was larger at diastolic than at systolic pressure. The present findings are consistent with formulations from behavioral studies suggesting that baroreceptor activity can influence sensory intake, and suggest that hemispheric specialization may play an important role in the relationship between cardiac events, the brain and behavior.
The early conception that sensory impulses are simply relayed from receptor to cortex was shaken when Granit and Kaada (1952) discovered that the central nervous systetn could control afferent fibers from muscle spindles. Since then, numerous studies have established that the brain can modulate its own sensory input by inhibiting or facilitating sensory transmission anywhere from the peripheral sense organs to the cortical level. In fact, it has been estimated that 10% of all afferent fibers contribute to centrifugal control mechanisms (Livingston, 1976) , blurring the classical distinction between "sensory" and "motor" mechanisms.
The brainstem reticular formation plays an important role in the centrifugal control of sensory processes. Both electrical stimulation and lesions (Livingston, 1959; Hernandez-Peon, 1961 ) of the reticuiar formation can facilitate or block interacThese studies represent a portion of a doctoral dissertation submitted by the first author in partial fulfillment of the Ph.D. requirements at Ohio State University. Portions of this report were presented to the Society for Psychophysiological Research in Cincinnati, Ohio, 1979 . We are grateful to numerous members of the society for their helpful eomments during that meeting.
tions occurring at numerous levels of sensory transmission. Since the reticular formation is replete with afferent fibers from the viscera, it seems possible that afferent autonomic activity can also serve to modulate sensory input. There is ample reason to speculate that this is the case, since afferent autonomic fibers are known to exert a variety of extra-homeostatic effects. In the case of the cardiovascular system, for example, stimulation of baroreceptors in the carotid sinus leads to decreased motor activity and prolonged sleep (Koch, 1932) , shifts in electrocortical activity from low-voltagefast to high-voltage-slow waves (Bonvallet, Dell. & Hiebel, 1954; Nakao, Ballim, & Gellhorn, 1956) , inhibition of evoked monosynaptic reflexes (Bonvallet, Dell, & Hugelin, 1954) , suppression of sham rage (Bartorelli. Bizzi, Libretti, & Zanchetti, 1960; Baccelli, Guazzi, Libretti, & Zanchetti, 1965) , depression of pyramidal tract cells in the motor cortex (^Coleridge, Coleridge, & Rosenthal, 1976) and single ceil firing to skin stimulation in the nucleus cuneatus (Gahery & Vigier, 1974) . and diminished sweat gland and nictitating membrane activity in cats (Horowitz & Kaufman. 1979 ).
It has also been proposed that the inhibition resulting from increases in baroreceptor firing is behavioraily significant (Lacey, 1967) . Cardiac acceleration is associated with slower reaction times and impaired visual perception, whereas cardiac deceleration is associated with faster reaction times and enhanced visual perception (Lacey, Kagan, Lacey, & Moss. 1963; Lacey, 1967; Lacey, 1972; DuncanJohnson & Coles, 1974; Sandman, McCanne, Kaiser, & Diamond, 1977) . Attempts to relate behavioral changes to differential firing of baroreceptors within a cardiac cycle, however, have yielded equivocal results. Even when faster reaction time or enhanced visual perception has been found early in the cardiac cycle (when baroreceptors fire minimally) compared to late (when baroreceptors fire maximally), the effects have not been robust (Birren, Carden, & Phillips, 1963; Callaway & Layne, 1964; Sandman etal., 1977) .
In view of these data and the controversy surrounding the behavioral significance of cardiac events (Elliott, 1972; Lacey & Lacey, 1974b; Carroll & Anastasiades, 1978; Obrist, 1976) , it is surprising that so few studies have examined the relationship between cardiac events and central nervous system activity in human subjects. Early studies suggested that cardiac events were related to electroencephalographic (EEG) activity (Callaway, 1965; Callaway & Buchsbaum, 1965; Callaway & Layne, 1964) , but details of the relationship are difficult to ascertain from these reports. More recently, an experiment from our laboratory demonstrated that average evoked potentials (AEPs) changed as heart rate fluctuated normally (Walker & Sandman, 1979) . In this experiment, changes in heart rate were related to the right and left cerebral hemispheres differently, suggesting that hemispheric specialization may play some role in the relationship between cardiac events and behavior.
The following experiments were designed to further explore the relationship between cardiac activity and the brain. If baroreceptors are involved in the relationship between cardiac events and behavior, then AEPs recorded at systolic (when baroreceptors fire maximally) and diastolic pressure (when baroreceptors fire minimally) should differ. Specifically, one would expect AEPs to be smaller during systolic pressure than during diastoiic pressure due to the inhibitory effects of baroreceptor stimulation.
EXPERIMENT I

Visual Evoked Potentials and Carotid Pressure'
Method
Subjects
Subjects who volunteered to participate in the study as part of a requirement for Introductory Psychology classes at Ohio State University were screened and 9 men and 9 women who met the following criteria were selected to participate: 20/20 corrected vision, righthanded, between the ages of 18 and 25, absence of drug usage, and no cardiovascular pathology or sleep difficulties.
Procedure
'Some of the data presented here are also discussed in a recent book chapter (Sandman, Walker. & Berka, 1982) .
Subjects reclined in a comfortable chair while transducers were attached for recording heart rate, respiration, EEG, eye movements, and carotid pulse pressure. Care was taken to ensure that each subject was in a position that did not entail continuous postural tension. Subjects wore headphones with masking noise to eliminate all extraneous auditory stimuli. A dot was positioned on the screen in front of each subject and subjects were instructed to relax, breathe regularly, and to keep their eyes fixated on the dot at all times. Three rest periods were given during each session; these were signified by turning the masking noise off for a few minutes.
Apparatus
The subjects were tested in a sound-attenuating and electrically shielded room. Recording, programming, and stimulus presentation equipment were housed in an adjacent room. Physiological recordings were obtained with a Grass Model 7B polygraph equipped with the appropriate preamplifiers and driver amplifiers. In addition to being recorded on the polygraph, both channels of EEG (right and left hemispheres) were recorded on a four-channel Sony FM tape recorder to enable off-line computer analyses of these data. The carotid pressure wave was transmitted to two comparators set to detect the highest and lowest points of the wave (systolic and diastolic pressure). When criterion was met, a 20-msec flash was projected on the screen by a Kodak projector tachistoscope. A minimum of 3 sec elapsed between flashes. Each stimulus was marked on both the tape and the polygraph. Each subject received 50 flashes during systolic and 50 during diastolic pressure in a semi-random order.
Carotid Pressure. A photoplethysmograph was taped over the carotid artery. This photoplethysmograph contained a light-emitting diode (LED) and a narrow band emitter of infrared radiation with a wavelength of .74 micrometers. The emitter of the plethysmograph was in the same plane as a photodarlington resistor of matched sensitivity, and the two devices were mounted on a small glass epwxy printed circuit. The signal was amplified using a time constant of .08 and a half-amplitude high frequency of 15 Hz. This provided a very clear recording of carotid pressure with few artifacts other than those associated with swallowing. Stimuli presented at these times were deleted from all analyses.
EEG. Sites designated by the International 10-20 system (Jasper. 1958) as Oi and O, and both mastoids were rubbed briskly with acetone to reduce resistance. AgAgCl electrodes filled with Grass EEG Creme were then affixed to the scalp with collodion and linked from O, to the left mastoid and O; to the right mastoid to permit unipolar recordings from the right and left occipital cortex. Pairs ofelectrodes showing more than lOK ohms impedance were replaced. The signal was amplified using a Vol. 19. No. 5 half-amplitude low frequency setting of 1 Hz (corresponding to a time constant of .1 sec) and a half-amplitude high frequency setting of 35 Hz (Goff. 1974) .
Heart Rale. Grass Ag-AgCI cup electrodes filled with EKG Sol were attached to the area of the lower left rib and the right collar bone of each subject after these areas were swabbed with acetone. The signal was amplified by a Grass AC preamplifier and processed by a cardiotachometer to provide beat-by-beat heart rate recordings.
Respiration. The respirometer consisted of a thinwalled opaque neoprene tubing 5.1 cm in length and 3.5 mm in diameter with an optical sensor and emitter mounted at each end. The mounting was roughly spherical with a diameter such that the tubing, when stretched across the chest, was drawn taut in a straight line between mounts. Attached to each mount was a cloth band 1.95 cm in width and of sufficient length to encompass different chest sizes. Velcro fasteners on each end held the respirometer in place. Current output of the phototransistor was approximately linear with chest expansion. The varying voltage was amplified by a Grass AC preamplifier.
Eye Movements. Ag-AgCl electrodes were placed next to and below the left eye about 2 cm from the orbital cavity using Grass EKG Sol. The purpose of this measure was to enable detection of all trials involving eye movements or eye blinks.
Data Reduction
Average Evoked Pofentials. Electrocortical activity associated with the 50 flashes presented at systolic and diastolic pressure was converted from an analog to a digital signal at a sampling rate of 100 Hz for a period of 500 msec following each flash. The AEPs associated with systolic and diastolic pressure were then averaged across subjects and graphed using a Nova 3/12 computer system. This yielded two AEPs recorded from each hemisphere for each subject. Latencies and amplitudes^ of the positive peaks occurring approximately 40 (primary component), 100 (PI). 200 (P2), and 300 (P3) msec following the flash were calculated for the four AEPs recorded from each subject. Since identification of prominent peaks in the AEP is sometimes difficult due to variability, two independent judges chose the peaks in each AEP. The mean of the interrater reliability coefficients computed for each subject was .96. indicating that the four peaks were represented clearly in all but a few of the waveforms obtained.
Respiration. Frequency and depth of respiration were monitored but not subjected to analysis. Flashes associated with changes in respiration were repeated. Few such occurrences were noted.
Eye Movements. Trials associated with eye movements or eye blinks were repeated and deleted from all analyses.
Results
The AEPs recorded from the right and left occipital regions during systolic and diastolic pressurê Amplitudes were calculated by finding the difference (in microvolts) between the positive peak and the negative peak that preceded it.
LEFT HEMISPHERE filGHT HEMISPHERE Figure 1 . Visual evoked potentials recorded from the right and left hemispheres at systolic and diastolic pressure.
are shown in Figure 1 . As shown in the figure, AEPs changed as carotid pressure changed, and these changes differed in the two hemispheres. A 2 (systolic/diastolic) x 2 (hemispheres) x 4 (AEP components) analysis of variance indicated a significant three-way interaction for amplitudes, F(3/ 51) = 8.70, p<.01. With the data collapsed across carotid pressure, AEPs recorded from the right and left hemispheres did not differ. The two hemispheres, however, were related to carotid pressure differently. In the right hemisphere. PI was larger at diastolic pressure, but in the left hemisphere, PI was larger at systolic pressure. This difference was statistically significant in the right hemisphere, F{\l 17) = 4.90,p<.05, but not in the left. There were no consistent differences among latencies.
It was of interest to determine the extent to which these results were represented in each individual subject. Therefore, the PI amplitudes in the AEPs recorded from each subject were examined. In the right hemisphere, PI amplitudes were larger at diastolic than at systolic pressure in 14 of the 18 subjects, which was statistically significant (Sign Test:p<.01; Wilcoxon Ttest: T = 27,/7<.Ol). In the left hemisphere. PI was larger at systolic pressure in the majority (12) of subjects, but this was not statistically significant.
Discussion
Changes in carotid pressure were clearly related to changes in visual evoked potentials. Similar to previous findings with heart rate (Walker & Sandman , 1979 ), these changes were markedly different in the two hemispheres. In the right hemisphere. AEPs recorded during systolic and diastolic pressure differed significantly, whereas in the left hemisphere this was not the case. The differences in the right hemisphere were due primarily to the PI component, which was larger during diastolic pressure. Since both the PI component (Beck, 1975; Dustman, Schenkenberg, & Beck, 1976; Van Voorhis & Hillyard, 1977) and the right hemisphere have been related to attention (Dustman et al.. 1976; Heilman & Abell. 1980 ), these differences are con-sistent with the idea that increases and decreases in baroreceptor activity can impair or facilitate sensory intake (Lacey, 1967; Lacey & Lacey, 1974a) . Furthermore, the fact that cardiac events were related to the right and left hemispheres differently suggests that hemispheric specialization may be an important variable that has been ignored in behavioral studies of cardiac-behavioral relationships to date.
These findings and those reported earlier regarding heart rate indicate that visual evoked potentials change as heart rate and carotid pressure fluctuate normally. In an intact, healthy organism, however, heart rate and carotid pressure do not influence baroreceptors independently. Baroreceptors respond to distortion, and therefore they encode interactions between carotid pressure and heart rate. The way that baroreceptors encode these interactions is complex and the details are as yet unclear (Ead, Green. & Neil, 1952; Gero & Gerova, 1967; Arndt, Morgenstern, & Samodelev, 1977; Brown, 1980) , but investigators agree that the impact that systolic and diastolic pressure exert on the carotid sinus depends, in part, upon heart rate (see Brown, 1980) . The significance of this interaction has been demonstrated in behavioral studies as well as in studies of baroreceptors. For example, the relationship between heart rate and reaction time is greater when stimuli are presented during diastole than during systole, and as heart rate increases, subjects press a key later and later within a cardiac cycle (Lacey & Lacey 1974a , 1978 . While interpretation of these data has been somewhat difficult (see Lacey & Lacey, 1978) , it is clear that the behavioral changes that occur within a cardiac cycle, like changes in baroreceptor activity, are somewhat dependent upon heart rate.
The following experiment was designed to examine this interaction with respect to electrocortical activity. Although its significance has been demonstrated for both baroreceptors and behavior, the electrocortical changes that occur as heart rate and carotid pressure covary have not yet been explored. Examination of such changes may shed light on the complex set of findings that have emerged regarding the impact of this interaction upon both baroreceptors and behavior.
EXPERIMENT II Visual Evoked Potentials, Heart Rate, and Carotid Pressure
Method
Subjects
Fifteen right-handed men who had variable heart rates and met the same criteria as those who participated in Experiment I served in the experiment.
Procedure
The procedure was similar to the one used in the first experiment except that 50 flashes of light were presented during each of the following four conditions: a) fast heartbeats/systolic pressure, b) fast heartbeats/diastolic pressure, c) slow heartbeats/systolic pressure, and d) slow heartbeats/diastolic pressure. Voltage changes associated with carotid pressure and heart rate (obtained from the output of the tachograph) were detected using a BRS digibit logic system and comparators. When criteria were met for the predetermined heart rate' and carotid pressure levels, a 20-msec flash was projected on the screen. As in the first experiment, a minimum of 3 sec elapsed between flashes, and stimuli associated with the four conditions were presented in a semi-random order. Heart rate, carotid pressure, eye movements, respiration, and EEG were monitored as described earlier.
Data Reduction
Average Evoked Potentials. The electrocortical activity associated with the 50 flashes presented during each of the four conditions was converted from an analog to a digital signal at a sampling rate of 1(K) Hz for a period of 500 msec following the flash. These data were then averaged and graphed (using a Nova 3/12 computer system), yielding four AEPs for each subject for each hemisphere. As described earlier, latencies and amplitudes were computed for each of the eight AEPs obtained for each subject.
Heart Rate. The heart rates of five beats were recorded for each flash: two heartbeats prior to the stimulus, the beat during which the stimulus occurred, and the two beats following the stimulus.
Eye Movements and Respiration. Trials associated with eye movements, eye blinks, or changes in respiration were repeated and deleted from all analyses. No further analyses were conducted.
Results
Heart Rate
To test whether the flashes of light actually occurred at different heart rates, a 4 (conditions) x 5 (blocks) X 10 (flashes) x 5 (heartbeats) analysis of variance with repeated measures of all the factors was performed. This analysis revealed a highly significant interaction between conditions and beats. f(12/168) -37.31, p<.01. The mean heart rate that elicited stimuli for the fast heartbeats/systolic condition (75.5 bpm) was almost identical to the heart rate level for the fast heartbeats/diastolic condition (75.0 bpm), but these differed significantly from heart rate during slow heartbeats/systolic 'Criteria for slow and fast heartbeats were defined as 10% slower and 10% faster than the heart rate that was calculated after the transducers were attached. Since average heart rates decelerated from the beginning to the end of the session, these criteria were adjusted several times during the experiment to ensure maximal differences between fast and slow heartbeats. Vol. 19. No. 5 (65.3 bpm) and slow heartbeats/diastolic conditions (65.3 bpm).
Carotid Pressure, Heart Rate, and the AEP
To test whether the impact of systolic and diastolic pressure differed during fast and slow heartbeats, the AEPs associated with each of the four conditions were averaged for all subjects for both hemispheres separately. This yielded four AEPs recorded from the right hemisphere and four recorded from the left hemisphere; these are illustrated in Figure 2 .
Amplitudes and latencies were first compared using a 2 (heart rates) x 2 (systolic/diastolic) x 2 (hemispheres) x 4 (AEP components) analysis of variance. Similar to findings in the first experiment, with the data collapsed across heart rate and carotid pressure, there were no differences between AEPs recorded from the right and left hemispheres. A significant 3-way interaction between pulse pressure, hemisphere, and components, f(3/ 42) = 5.91,/7<.O1, emerged, however, indicating differences among amplitudes. PI was larger in the right hemisphere during diastolic pressure but larger in the left hemisphere during systolic pressure. To further characterize these differences, four 2 (systolic/diastolic) x 4 (AEP components) analyses of variance were performed to compare the amplitudes shown in each quadrant of Figure 2 . Only the two AEPs recorded from the right hemisphere during high heart rate differed significantly, f(3/42) = 5.33,p<.01. The amplitude of PI was greater at diastolic pressure than at systolic pressure,f(l/14) = 18.21,p<.01.Asin the first experiment, latencies did not differ significantly.
As indicated earlier, it was important to determine the extent to which the averaged data represented individual subjects. In AEPs recorded from the right hemisphere during fast heartbeats, PI was larger at diastolic pressure in 12 of the 15 subjects (Sign Test:/?<.02; Wilcoxon rtest: r=6,p<.01), whereas during slow heartbeats, PI was larger during diastolic pressure in only 9 of the subjects, which was nonsignificant. In AEPs recorded from the left hemisphere during fast heartbeats, PI was larger during systolic pressure in only 7 subjects, whereas during slow heart beats, PI was larger during systolic pressure in 12 subjects (Sign Test: p<.02; Wilcoxon T Test: T=22, p<.05) . It thus appears that diastolic pressure exerts its greatest influence on the right hemisphere during fast heartbeats and that systolic pressure exerts its greatest impact on the left hemisphere during slow heartbeats. The differences in the left hemisphere should be interpreted cautiously, however, since these differences were not statistically significant using the analysis of variance.
Discussion
As reviewed earlier, baroreceptors do not respond to changes in heart rate and pulsatile pressure independently. The two interact, and it is clear from the present study that this interaction is related to changes in the visual evoked response as well as to changes in baroreceptors, reaction time, and perception. Similar to findings reported in Experiment I, PI was larger in the right hemisphere at diastolic pressure than at systolic pressure, but the reverse was true in the left hemisphere. Furthermore, differences between AEPs recorded from the right hemisphere during systolic and diastolic pressure were much greater during fast heartbeats.
In view of these findings, it is not surprising that attempts to relate cardiac phase to behavior have yielded equivocal results. First, as discussed earlier, the present findings suggest that the relationship between the heart and the brain is lateralized, and this factor has not been considered in behavioral studies. Second, the present study indicates that the effects of cardiac phase depend upon heart rate. Some investigations of cardiac phase and behavior have used reaction time tasks with a warning signal (Thompson & Botwinick, 1970; Delfini & Campos, 1972) which leads to cardiac deceleration (Graham & Clifton, 1966; Lacey & Lacey, 1970; Lacey, 1972) . The present findings suggest that the influence of changes within one heartbeat on behavior may fade with cardiac deceleration, which might explain why some studies using a warning signal have not yielded significant results (Thompson & Botwinick, 1970; Delfini & Campos, 1972) , whereas others not using a warning signal have found significant relationships (Saari & Pappas, 1976; Sandman etal.,1977) . GENERAL DISCUSSION The impact that stimuli exert on the brain varies as heart rate and carotid pressure vary. One explanation for these differences is that cells in the brain that control cardiovascular activity simultaneously influence electrocortical activity. This seems plausible with respect to changes in AEPs associated with heart rate, but it is difficult to reconcile with the dramatic changes in AEPs found during systolic and diastoUc pressure. In addition, very few cells have been found that fire at a cardiac rhythm (Smith & Pearce, 1961; Humphrey, 1967) . and there is no evidence that these changes are represented at the cortical level. Finally, the occipital region of the brain has never been implicated in cardiovascular control (Uvnas. 1960), and it seems unlikely that higher cortical activity would show hemispheric specialization with regard to a vital function such as cardiac control.
A more parsimonious explanation is that cardiovascular changes that are encoded by baroreceptors and transmitted to the nucleus tractus solitarius in the reticuiar formation (Bonvallet & Bloch, 1961; Bonvallet & Allen. 1963 ) modulate the impact stimuli exert on the brain. This explanation is consistent with the mounting evidence that afferent fibers from the cardiovascular system influence central neuronal activity that is unrelated to cardiovascular control (see Horowitz & Kaufman, 1979) . It would also account for the fact that AEPs recorded during different heart rates and carotid pressures were similar but not identical, and that they varied in a manner that could be predicted based on studies of baroreceptors.
The fact that cardiac events were related to the right and left hemispheres differently suggests a new dimension to the study of relationships between cardiac activity and the brain.^ In the present *It is important to note a few aspects of our recording procedures that could have contributed to this lateralization. First, the plethysmograph was usually placed over the left carotid artery, which may have provided lateralized kinesthctic feedback and influenced the AEPs (Lacey, Note 1) . AEPs recorded at different heart rates and pulse pressures recorded from the right supraorbital artery, however, have shown similar lateralization (Walker. 1979) , which argues against this as the sole explanation. Second, mastoids were not linked in these studies, and cardiac events may influence the right and left mastoids differently, leading to differences in AEPs recorded from the two hemispheres. This is currently under investigation in our laboratory. Finally, since the heart is asymmetrical, electrical activity from the heart could spread asymmetrically to the two hemispheres and summate with the evoked potentials. In future experiments, Studies, AEPs recorded from the right hemisphere were largest at diastolic pressure and those recorded from the left hemisphere were largest at systolic pressure. Both the right hemisphere (Dustman et al., 1976; Heilman & Abeil, 1980) and transient bradycardia (Lacey. 1967) have been related to attention, and the left hemisphere (Donchin, McCarthy, & Kutas, 1977) and brief hypertensive states (Lacey, 1967) have been associated with cognitive processing. Although behavioral measures were not taken in these experiments, it is tempting to speculate that the relationship between cardiac activity and behavior may involve differential stimulation of the two cerebral hemispheres.
Although the mechanisms are as yet unclear, there are several factors that could contribute to this lateralization. The heart, like the brain, is not a symmetrical organ and there are considerable anatomic and physiologic differences between the right and left carotid arteries (DeGeest, Levy, Zieske, & Lipman, 1965; Berne & Levy, 1967) . In addition, some baroreceptors are situated in the aortic arch and innervation of the aortic arch is lateralized (see Netter, 1962 Netter, , 1978 . Baroreceptor impulses from both the carotid sinus and aortic arch are transmitted to the nucleus tractus solitarius where they associate with the reticuiar activating system which can influence the two hemispheres differently (Starzl & Magoun, 1951; French, 1960) . Finally, the changes in AEPs may be related to changes in regional blood flow that have been associated with various types of mental activity and electrocortical changes (Ingvar, 1971 (Ingvar, , 1977 Risberg. Halsey, Wills, & Wilson, 1975) .
Since the present studies were correlational, the mechanisms remain speculative. What is clear from these studies, however, is that normal fluctuations in cardiac activity coincide with changes in the context with which the two cerebral hemispheres receive information. These changes are consistent with physiological studies of baroreceptors and formulations from behavioral studies suggesting that changes in baroreceptor activity influence sensory intake. In addition, these findings suggest that hemispheric specialization may play some role in the relationships between cardiac events, the brain and behavior, and should be considered in future experiments.
it will be important to record the electrocortical activity that is time-locked to the cardiac event under investigation and perhaps subtract this from the actual AEPs. Preliminary data from our laboratory, however, have nol revealed any lateralized electrocortical activity that is time-locked to the carotid pressure wave.
